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Modeling and simulation of TiO2 nanorod based DSSC are done to explore the effect of nanorod diameter
on the short-circuit current density. The results show that the porosity decreases with increasing diam-
eter of nanorod for a ﬁxed value of inter-rod separation. The short-circuit current density can be
improved by optimizing the nanorod diameter. From this study it could be observed that the nanorods
of diameter from 65 nm to 90 nm with a porosity range from 0.43 to 0.66 would result in better perform-
ing DSSC. The peak value of current density of 23.96 mA/cm2 is obtained for the working electrode with a
nanorod diameter of 81 nm of length 12 lm for N719 dye.
 2013 The Authors. Published by Elsevier B.V. Open access under CC BY license.1. Introduction
In recent years, dye-sensitized solar cells (DSSCs) based on
nanocrystalline mesoporous TiO2 ﬁlms have attracted much atten-
tion as a potential low-cost alternative to single or polycrystalline
p–n junction silicon solar cells. DSSCs can reach electrical energy
conversion efﬁciencies above 10% [1]. When DSSC is illuminated,
photons are absorbed by dye molecules, which inject electrons
from their excited states into the conduction band of the TiO2
nano-particles to leave the dye molecule oxidized. Oxidized dye
molecules are reduced by a redox electrolyte, which transports
the positive charges by diffusion to a Pt back electrode. Efﬁcient
electron injection from excited dye to TiO2 plays an important role
in DSSC [2,3]. The injected electrons ﬂow through the porous TiO2
thin ﬁlm to the transparent conducting oxide (TCO), depending on
the incident intensity and trapping–detrapping effect [4–7]. Subse-
quently, the electrons ﬂow to the back electrode via the external
circuit. The oxidized dye molecules are regenerated by redox medi-
ators (I/I3 ). Finally, the oxidized redox mediators (I

3 ) are trans-
ported to the back electrode where the regeneration of redox
mediators occurs for a complete DSSC operation cycle [8,9].
The traditional mesoporous TiO2 electrode composed of the
TiO2 nano-particles offers an insufﬁcient electron diffusion coefﬁ-cient due to multiple trapping and de-trapping events occurring
in the porous semiconductor grain boundaries of the TiO2 nanopar-
ticles and ultimately reduces the efﬁciency [10]. Electrodes based
on aligned nanorods of TiO2 have emerged as a potential candidate
for the improvement of electron diffusion coefﬁcient and to im-
prove the efﬁciency of DSSC due to their exceptional charge collec-
tion properties [10,11]. Adachi group has shown high conversion
efﬁciency of light-to-electricity of 7.29% obtained with the TiO2
single-crystalline anatase nanorod based electrode in DSSC cell
using TiO2 nanorods with lengths of 100–300 nm and diameters
of 20–30 nm synthesized by a hydrothermal process [11]. There
exists a wide literature on the modeling of DSSC [12–22,5,23–
45]. But a TiO2 nanorod electrode based DSSC is not fully explored.
This article aims to present the dependence of the short-circuit
current density on the diameter of TiO2 nanorods.
2. Modeling theTiO2 nanorod electrode based DSSC
The schematic diagram of nanorod based dye-sensitized solar
cell is shown in the Fig. 1 and corresponding band diagram is
shown in Fig. 2.
Under a steady-state condition of illuminated DSSC, the elec-
tron injection from excited dye molecules, transport in the meso-
porous semiconductor (TiO2) thin ﬁlm, and recombination with
electrolyte at the TiO2/electrolyte interface can be described by
the following electron diffusion differential equation [46–48]:
D
@2nðxÞ
@x2
 nðxÞ  n0
s
þU0a expðaxÞ ¼ 0 ð1Þ
Fig. 1. Schematic diagram of nanorod based dye-sensitized solar cell.
Fig. 2. Band diagram and electron transport in dye-sensitized solar cell.
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side the mesoporous TiO2 thin layer; n0 is the electron concentra-
tion under a dark condition (n0 = 1016 cm3) [12,13]; s is the
lifetime of conduction band free electrons;U0 is the incident irradi-
ation intensity; a is the light absorption coefﬁcient of the mesopor-
ous TiO2 thin layer; and D is the electron diffusion coefﬁcient. The
effect due to transport of I/I3 redox electrolyte is neglected be-
cause the pore sizes in DSSC are normally greater than or compara-
ble to 14 nm [18]. In a steady state, trapping–detrapping in the
electron transport can be neglected and hence the electron lifetime
s is assumed to be constant in a DSSC [46–48].The general solution
of Eq. (1) in terms of J–V relationship, with the short-circuit current
and open-circuit voltage boundary conditions, can be expressed as
below:
J ¼ Jph  J0fexpðqV=mKBTÞ  1g ð2Þ
where Jph is the photo-generated current density; J0 is the reverse
saturation current density; q is the electron charge;m is the ideality
factor; kB is the Boltzmann constant; and T is the absolute temper-
ature. In the Eq. (2), the photo-generated and reverse saturation
current densities can be expressed as below:
Jph ¼ ð1 UÞqU0La ½La cosh
d
L
 
þ sinh d
L
 
þ La expðdaÞ Aða L2a2Þ cosh d
L
 
ð3Þand; J0 ¼ qU0La sinh
d
L
 
AL cosh
d
L
 
ð4Þ
where U is function of reﬂection and transmission coefﬁcients, L is
the electron diffusion length equal to
ﬃﬃﬃﬃﬃﬃ
Ds
p
; d is the mesoporous
TiO2 layer thickness; and A is the area of the DSSC. The term U
(=R + T) includes the information of the amount of light being re-
ﬂected from the front surface of the DSSC (R) and the amount of
light being transmitted through the DSSC (T).
Further, the light absorption coefﬁcient a and the electron diffu-
sion coefﬁcient D are related to the porosity P of the mesoporous
TiO2 layer by the following expressions [46]:
a ¼ 2:97 104 P2 for 0 6 P < 0:41 ð5ÞD ¼1:69 104ð17:48P3 þ 7:39P2  2:89P þ 2:15Þ
for 0 6 P < 0:41 ð6Þa ¼ 2568ð1 PÞðP þ 2:89Þ for 0:41 6 P < 0:76 ð7ÞD ¼ ajP  Pcjl for 0:41 6 P < 0:76 ð8Þ
where a is equal to 4  104 cm2 s1; l is equal to 0.82; and critical
porosity PC is equal to 0.76.
For the nanorod based electrode, the porosity is dependent on
the diameter of the nanorod and inter-rod distance as described
by Eq. (9).
P ¼ 2pw2=
ﬃﬃﬃ
3
p
l2 ð9Þ
where, w represents the diameter of nanorod and l represents cen-
ter-to-center distance among nanorods.3. Validity of the reported model
A MATLAB code was written using a theoretical model reported
in this paper to simulate DSSC. The reported theoretical model
could be validated with the experimental results reported by Kang
et al. [10] as shown in Fig. 3. The simulation parameters for exper-
imental validation are listed in Table 1.
The reported theoretical model generated data match well with
experimentally reported current–voltage characteristics of a nano-
particle (NP) and nanorod (NR) based dye sensitized solar cell as
shown in Fig. 3. This conﬁrms the validity of the reported theoret-
ical model.
Fig. 3. Current–voltage characteristics of DSSC matched with the experimental data
reported by Kang et al. [10].
Table 1
Simulation parameters used in the model to validate experimental results.
Parameters Values
(nano-particle)
Values
(nanorod)
References
Layer thickness (lm), d 7.5 7.1 [10]
Porosity 55.9% 53.4% [10]
Ideality factor, m 3.7 3.7 Fitted value
Proportionality constant for
diffusivity to porosity (cm2/s), a
4  104 4  104 [46]
Power factor for diffusivity
to porosity, l
0.82 0.82 [46]
Critical Porosity, PC 0.76 0.76 [46]
Carrier Lifetime (ms), s 22 46 [10,49]
Absolute temperature (K), T 300 300 –
Fig. 4. The dependence of the current–density on the nanorod diameter for inter-
rod separation of 200 nm (U = 47.5%).
Fig. 5. Variation in porosity with respect to the nanorod diameter.
Fig. 6. Current density versus nanorod diameter for various values of unutilized
light (U) incident on DSSC.
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There may be several reasons for the improvement of output
power from the nanorod based DSSC:
(1) Improved carrier lifetime by the degraded charge recombi-
nation through experiencing the less frequent trapping/
detrapping events.
(2) Low recombination rate as demonstrated by the parameters
listed in Table 1.
(3) Slightly improved electron transport due to the necking of
grain boundaries and increased average crystallite size.
(4) The speciﬁc surface area of the working electrode that
allows anchoring a large amount of dye in mesoporous
TiO2 [50].
The dependence of short-circuit current density (JSC) on the
diameter of the nanorod is shown in the Fig. 4. The length of nano-
rods is taken as 12 lm for these calculations, which is generally
used in the literature. The short-circuit current density increases
with an increase in the nanorod diameter with high slope and
afterward it saturates. The observed effect may be attributed to
the variation in the porosity of the TiO2 electrode layer, which de-
creases with increasing diameter as shown in the Fig. 5. The in-
crease in current density with increasing nanorod diameter is
attributed to increased grain size, which enhances the current den-
sity for a given rod diameter [51]. The charge transport is indepen-
dent of the rod diameter but depends on their speciﬁc surface area
and crystallinity of the grains [52].The control parameter is taken
as the porosity of the TiO2 electrode layer which decreases with
increasing diameters of the nanorod (Fig. 5).From these results it is evident that the nanorod diameter plays
a crucial role in the improvement of JSC of dye-sensitized solar cell.
The nanorods of diameter from 65 nm to 90 nm with a porosity
range from 0.43 to 0.66 would result in better performing DSSC
as observed by comparing Fig. 4 and Fig. 5. The results are in accor-
dance with the experimental data reported by Meng et al. [53,54]
as per the comparison made in Fig. 4.
Table 2
Current density of DSSC with respect to unutilized light.
Unutilized light, U (%) Current density (mA/cm2)
0% 23.96
10% 21.56
20% 19.17
30% 16.77
40% 14.37
47.5% 12.58
50% 11.98
Fig. 7. The absorption spectrum of N719 dye per micron of electrode thickness.
Fig. 8. Schematic diagram of silver nanoparticle deposited on FTO electrode.
Fig. 9. Reﬂection spectra of plasmon-enhanced FTO electrodes.
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is shown in Fig. 6. The peak value of current density of 23.96 mA/
cm2 is obtained for a nanorod diameter of 81 nm of length 12 lm.
The effect of U (the unutilized light) is shown in the Fig. 6, wherein
the current density of the DSSC keeps on increasing with decreas-
ing values of U. A comparison of maximum value of current density
with respect to unutilized light values is listed in Table 2.The current density data listed in Table 2show that the maxi-
mum value of current density output of N719 dye based DSSC with
TiO2 nanorod working electrode is 23.96 mA/cm2. The absorption
spectrum of N719 dye per micron of working electrode layer thick-
ness is shown in Fig. 7. This value of current density is the theoret-
ical upper limit, which is not obtainable practically. In our previous
work the value of U could be minimized using antireﬂection coat-
ings [55] and surface plasmon effect that occurs in silver nanopar-
ticles [56]. A schematic diagram of Ag nanoparticle deposited on
FTO glass is shown in Fig. 8. This deposition is done by thermal
evaporation method (base pressure 1  106 mbar, BC300, HHV
make). Thickness was recorded from the thickness monitor sup-
plied with the thermal evaporation system. The observed reﬂection
spectra are shown in Fig. 9, which demonstrates that the reﬂec-
tance from the front electrode is tunable by using localized surface
plasmon resonance.5. Conclusions
Modeling and simulation of TiO2 nanorod based DSSC are done
to explore the effect of nanorod diameter on the short-circuit cur-
rent density. The results show that porosity decreases with
increasing diameter of the nanorod for a ﬁxed value of inter-rod
separation. The short-circuit current density can be improved by
optimizing the nanorod diameter. From this study it could be ob-
served that the nanorods of diameter from 65 nm to 90 nm with
a porosity range from 0.43 to 0.66 would result in better perform-
ing DSSC. The peak value of current density of 23.96 mA/cm2 is ob-
tained for the working electrode with a nanorod diameter of 81 nm
of length 12 lm for the N719 dye.Acknowledgement
Authors acknowledge Dr. Indrajit Mukhopadhyay of the School
of Solar Energy for useful scientiﬁc discussions.References
[1] Green MA, Emery K, Hishikawa Y, Warta W. Solar cell efﬁciency tables (version
37). Prog Photovoltaics 2011;19:84–92.
[2] Franco G, Gehring J, Peter LM, Ponomarev EA, Uhlendorf I. J Phys Chem B
1999;103:692–8.
[3] Cherepy NJ, Smestad GP, Gratzel M, Zhang JZ. J Phys Chem B
1997;101:9342–51.
[4] Peter LM, Wijayantha KGU. Electrochem Commun 1999;1:576–80.
[5] Fredin K, Nissfolk J, Hagfeldt A. Sol Energy Mater Sol Cells 2005;86:283–97.
[6] Duffy NW, Peter LM, Rajapakse RMG, Wijayantha KGU. Electrochem Commun
2000;2:658–62.
[7] Peter LM, Wijayantha KGU. Electrochim Acta 2000;45:4543–51.
[8] Papageorgiou N, Gratzel M, Infelta PP. Sol Energy Mater Sol Cells
1996;44:405–38.
[9] Imoto K, Takahashi K, Yamaguchi T, Komura T, Nakamura J, Murata K. Sol
Energy Mater Sol Cells 2003;79:459–69.
[10] Kang SH, Choi S-H, Kang M-S, Kim J-Y, Kim H-S, Hyeon T, Sung Y-E. Adv Mater
2008;20:54–8.
[11] Jiu J, Isoda S, Wang F, Adachi M. J Phys Chem B 2006;110:2087–92.
[12] Gregg BA, Zaban A, Ferrere SZ. Phys Chem 1999;212:11–22.
[13] Ferber J, Stangl R, Luther J. Sol Energy Mater Sol Cells 1998;53:29–54.
[14] Ferber J, Luther J. J Phys Chem B 2001;105:4895–903.
[15] Papageorgiou N, Liska P, Kay A, Graetzel M. J Electrochem Soc
1999;146:898–907.
[16] McEvoy AJ, Grätzel M. Sol Energy Mater Sol Cells 1994;32:221–7.
[17] Gagliardi A, Auf der Maur M, Gentilini D, Di Carlo A. J Comput Electron
2009;8:398–409.
[18] Gagliardi A, Mastroianni S, Gentilini D, Giordano F, Reale A, Brown TM, Carlo
AD. IEEE J Sel Top Quantum Electron 2010;16:1611–8.
[19] Usami A, Ozaki H. Sol Energy Mater Sol Cells 2001;64:73–83.
[20] Tennakone K, Jayaweera PVV, Bandaranayake PKM, Photochem J. Photobiol A
Chem 2003;158:125–30.
[21] Qiu FL, Fisher AC, Walker AB, Peter LM. Electrochem Commun 2003;5:711–6.
[22] Van de Lagemmaat J, Frank AJ. J Phys Chem B 2000;104:4292–4.
[23] Frank AJ, Kopidakis N, van de Lagemaat J. Coord Chem Rev 2004;248:1165–79.
[24] Nelson J. Phys Rev B 1999;59:15374–80.
186 B. Tripathi et al. / Results in Physics 3 (2013) 182–186[25] Nelson J, Eppler AM, Ballard IM, Photochem J. Photobiol A Chem
2002;148:25–31.
[26] Nelson J, Chandler RE. Coord Chem Rev 2004;248:1181–94.
[27] Gonzalez-Vazquez JP, Anta JA, Bisquert J. Phys Chem Chem Phys
2009;11:10359–67.
[28] Bisquert J, Vikhrenko VS. J Phys Chem B 2004;108:2313–22.
[29] Bisquert J, Zaban A, Greenshtein M, Mora-Sero I. J Am Chem Soc
2004;126:13550–9.
[30] Bisquert J. Phys Chem Chem Phys 2008;10:3175–94.
[31] Bisquert J, Zaban A, Salvador P. J Phys Chem B 2002;106:8774–82.
[32] Penny M, Farrel T, Will G. Sol Energy Mater Sol Cells 2008;92:24–37.
[33] Ferber J, Luther J. Sol Energy Mater Sol Cells 1998;54:265–75.
[34] Rothenberger G, Comte P, Gratezel M. Sol Energy Mater Sol Cells
2000;58:321–36.
[35] Vargas WE, Greenwood P, Otterstedt JE, Niklasson G. Sol Energy 2000;68:553.
[36] Vargas WE, Niklasson G. Sol Energy Mater Sol Cells 2001;69:147–63.
[37] Usami A. Sol Energy Mater Sol Cells 1999;59:163–6.
[38] Usami A. Sol Energy Mater Sol Cells 2000;62:239–46.
[39] Huang DM, Snaith HJ, Graetzel M, Meerholz K, Moule AJ. J Appl Phys
2009;106:073112.
[40] Bisquert J, Fabregat-Santiago F, Mora-Sero I, Garcia-Belmonte G, Barea EM,
Palomares Inorg E. Chim Acta 2008;361:684.
[41] Barsoukov E, MacDonald JR. Impedance Spectroscopy Theory, Experiment, and
Applications. New York: Wiley; 2005.[42] Kern R, Sastrawan R, Ferrere S, Stangl R, Luther J. Electrochem Acta
2002;47:4213.
[43] Fabregat-Santiago F, Bisquert J, Garcia-Belmonte G, Boschloo G, Hagfeldt A. Sol
Energy Mater Sol Cells 2005;87:117–31.
[44] Bisquert J, Graetzel M, Wang Q, Fabregat-Santiago F. J Phys Chem B
2006;110:11284.
[45] Gagliardi A, der Maur MA, Gentilini D, Carlo AD. J Comput Electron
2011;10:424–36.
[46] Ni M, Leung MKH, Leung DYC, Sumathy K. Sol Energy Mater Sol Cells
2006;90:1331–44.
[47] Sodergren SA, Hagfeldt J, Olsson SE, Lindquist J. Phys Chem 1994;98:5552.
[48] Gomez R, Salvador P. Sol Energy Mater Sol Cells 2005;88:377–88.
[49] Marco LD, Manca M, Giannuzzi R, Malara F, Melcarne G, Ciccarella G, Zama I,
Cingolani R, Gigli G. J Phys Chem C 2010;114:4228–36.
[50] Fakharuddin A, Archana PS, Kalidin Z, Yusoff MM, Jose R. RSC Adv
2013;3:2683–9.
[51] Archana PS, Jose R, Vijila C, Ramakrishna S. J Phys Chem C 2009;113:21538–42.
[52] Archana PS, Kumar EN, Vijila C, Ramakrishna S, Yusoff MM, Jose R. Dalton
Trans 2013;42:1024–32.
[53] Meng L, Ma A, Ying P, Feng Z, Li C. J Nanosci Nanotechnol 2011;11:929–34.
[54] Meng L, Ren T, Li C. Appl Surf Sci 2010;256:3676–82.
[55] Tripathi B, Kumar M. J Nano Energy Power Res 2013;2:48–53.
[56] Tripathi B, Yadav P, Kumar M. Plasmonics 2013. http://dx.doi.org/10.1007/
s11468-013-9564-4.
